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Abstract 
In-Ceram is an all-ceramic restorative material with improved resistance to crack 
propagation. Ceramics of various compositions are widely used as restorative materials in 
d<?ntistry. In-Ceram has an alumina core that is infiltrated with glass to achieve a high strength 
substructure that can support crowns and bridges. This material belongs to the class of 
interpenetrating phase materials. 
The objective of this study was to determine flexural strength and fracture toughness 
of the alumina core infiltrated with resin, glass, and resin/glass combined, as well as to 
evaluate crack propagation through different layers of the material. 
Four-point flexural strength values of bend bars were 355.54 ± 49.83 MPa for In-
Ceram infused glass, 245.1 ± 18.62 MPa for In-Ceram infused resin, 21.41 ± 3.5 MPa for In-
Ceram sintered alumina and 278.2 ± 26.94 MPa for In-Ceram infused glass and resin ( dual 
infused). 
Fracture toughness values were 3.20 MPa·m 112 for In-Ceram infused glass with 5 Kg 
load applied and 10.56 MPa·m 112 for In-Ceram infused resin with 20 Kg load applied. 
SEM evaluation indicated inhibition of crack propagation throughout the layers of 
glass and resin of a dual infused sample, when the crack was initiated on the glass infused 
layer. 
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I) Introduction 
For decades the restorative dental community has sought to successfully place all-
ceramic single crowns as well as fixed partial dentures. Dental ceramics materials exhibit 
many desirable physical properties including biocompatibility, esthetics, diminished plaque 
accumulation, low thermal conductivity, abrasion resistance and color stability. 
However, brittleness and low tensile strength are weak points of ceramics materials. Ceramics 
of various compositions are widely used as restorative materials in dentistry. 
Dental restorations must fulfill several criteria to be successfully used clinically. A 
material must have adequate strength to withstand the rigors of the oral cavity. (1) Esthetics is 
often the main concern of patients and dentists. This is one of the principal driving forces 
behind the rapid expansion in esthetic restorative materials in general, and ceramics in 
particular. 
Ceramic materials may best be able to mimic natural teeth with respect to color and 
light interaction. Several all-ceramic systems have been developed to fulfill the esthetic 
requirement. In-Ceram is an all-ceramic material which has an aluminous core that is 
infiltrated with glass to achieve a high strength substructure that can support crowns and 
bridges. 
In-Ceram belongs to the class of materials known as interpenetrating phase composites. 
These materials consist of at least two intertwined phases that extend continuously from the 
interior to the external surface. (2) Several studies have proved the importance of the interface 
between dentin and enamel for the mechanical properties of natural teeth, with the dentin 
having the function of absorbing shocks and stopping crack propagation. (3) The purpose of 
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this study was to fabricate and analyze a multiple-phase infused ceramic matrix with the use of 
In-Ceram material as the first phase and glass and resin as the second phases materials that can 
mimic the mechanical properties of natural teeth with the glass infused portion acting as 
enamel and resin infused portion acting as dentin. 
Hypothesis 
The structure of dual infused ceramic matrix will inhibit crack growth from the glass 
infused layer through the resin infused layer. 
Statistical analysis of flexural strength between resin infused In-Ceram, glass 
infused In-Ceram and dual infused In-Ceram was to be performed. The goal of this study was 
to achieve an esthetic material that mimics the function and mechanical properties of a tooth 
structure as well as with similar wear properties of a tooth structure. 
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Background and Literature Review 
1) Natural tooth structure 
Enamel is a highly mineralized tissue with the crystallites arranged in a preferred 
orientation along the c-axis of the prismatic unit. Thus, while enamel demonstrates the 
biological advantages of hardness and wear resistance in the occlusal plane, it shows brittle 
fracture in planes approximately at right angles to the occlusal, incisal, and labial planes of the 
teeth. The fracture plane in enamel requires the separation of crystals, which lie side by side 
and is energetically favored. Due to its brittleness, enamel requires the presence of underlying 
dentin to transmit and dissipate the occlusal force . 
A crack in enamel extends through the weakest path of the border zone between the 
interprismatic phase and prismatic phase, providing cleanly cleaved sheets of polycrystalline 
material. Enamel is very weak with respect to fracture parallel to the enamel prisms . When a 
fracture enters the region of the DEJ in one plane it leaves the dentin by another. The 
deviation of the crack path indicates the degree of plastic deformation within the region of the 
DEJ itself. What appears to be important is the ability of the DEJ region to display 
considerable plastic deformation under the challenge of crack propagation. 
The DEJ is a unique zone specialized to maintain the integrity of the crown of the 
tooth under functional challenges that necessarily attend masticatory function. This reflects the 
fact that in the intact tooth the multiple full-thickness cracks commonly found in enamel do 
not typically cause total failure of the tooth by crack extension into the dentin. (3) 
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Scherrer et al. (4) demonstrated the fracture resistance of intact extracted molars 
and three all-ceramic crowns. The author stated that the apparent fracture strength of an all-
ceramic crown is strongly dependent on the elastic modulus of the substrate. In the study 
three types of all-ceramic crowns (feldspathic porcelain, glass-ceramic and glass-infiltrated 
alumina ) were luted to extracted third molars and fracture resistance was measured, as well 
a~ for intact extracted teeth, using a spherical steel indenter that contacted the occlusal 
surface at three points. The intact extracted teeth presented fracture resistance significantly 
stronger than all-ceramic crowns. For ceramic restorations, glass-infiltrated alumina crowns 
exhibited the highest fracture resistance. This is attributed to the dense alumina-glass core 
that has a much higher flexural strength than glass-ceramic or feldspathic porcelain. For 
two of the In-Ceram crowns, the catastrophic failure extended into the dentin substrate. 
These findings would suggest that for extracoronal restorations to simulate the strength 
and durability of human enamel, increasing the bond strength between the restorative material 
and dentin may be more advantageous than increasing the flexural strength of the restorative 
material. 
2) Ceramics 
The term ceramic is derived from the Greek "Keramos", meaning "a potter or a 
pottery". A major characteristic of ceramics is that they are brittle and fracture with little or no 
deformation. Ceramics are nonmetallic, inorganic materials that include metal oxides, borides, 
carbides, nitrides and complex mixtures of these materials. (5) 
5 
Pure oxide ceramics have been developed to a high state of uniformity and with 
outstanding properties for use as a special electrical and refractory component. These include 
alumina (AhO 3), zirconia (ZrO2), thoria (ThO2), beryllia (BeO), magnesia (MgO), spinel 
(MgAhO4), and fosterite (Mg2SiO4). (6) 
Alumina ceramics have AhO 3 as the crystalline phase bonded with a glassy matrix. 
The properties obtained depend in large part on the amount and properties of the glassy phase. 
The firing temperature of alumina ceramics is relatively high and its main imperfection is 
excessive porosity. (7) 
For dental applications, a hardness of a ceramic similar to that of enamel is desirable 
to minimize the wear of resulting ceramic restorations and reduce the wear damage that can be 
produced on enamel by the ceramic restoration. Important attributes of dental ceramics are 
their potential for matching the appearance of natural teeth and their insulating properties (low 
thermal conductivity, low thermal diffusivity, and low electrical conductivity). 
Feldspathic porcelains with reliable chemical bonding have been used in metal-
ceramic restorations for more than 35 years. Unfortunately, feldspathic porcelains have been 
too weak to use reliably in the construction of all-ceramic crowns without a cast-metal core or 
metal-foil coping. 
Since the introduction of aluminous porcelain jacket crowns in the early 1900' s, 
recent improvements in both the composition of ceramics and the method of forming the core 
of all-ceramic crowns have greatly enhanced the ability to produce more accurate and fracture 
resistant jacket crowns made entirely of ceramic material. 
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There are several categories of dental-ceramics: conventional leucite-containing 
porcelain, leucite-enriched porcelain, ultra-low-fusing porcelain that may contain leucite, 
glass-ceramic, specialized core ceramics (alumina, glass-infiltrated alumina, magnesia, and 
spinel), and CAD-CAM ceramics. (8) 
The glass-infiltrated alumina core ceramic (In-Ceram) can be classified as an all-
ceramic restoration for single anterior and posterior crowns and anterior three-unit bridges. 
The slightly sintered aluminous porcelain core is infiltrated with glass. The initial sintering 
process for the alumina core produces a minimal volume decrease because the temperature 
and time are sufficient only to cause bonding between particles at small areas. 
The advantages of the glass-infiltrated core material are its lack of metal, its very high 
flexural strength and its excellent fit. The disadvantages are the opacity of the core, the 
unsuitability for conventional acid etching, and the need for specialized equipment. 
A more translucent ceramic called In-Ceram Spinell has been introduced as an 
alternative to In-Ceram. This ceramic has a lower flexural strength, but its increased 
translucency provides improved aesthetics in clinical situations in which the adjacent teeth or 
restorations are quite translucent. The core of In-Ceram Spinell is MgAhO 4 infiltrated with 
glass. (9) 
In addition to the previous In-Ceram systems mentioned, In-Ceram Zirconia uses 
zirconia (ZrO2) to form the porous substructure. This ceramic has the highest flexural strength 
of all three systems, but translucency is less than that of the conventional system. (10) 
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3) Fractures in Ceramics 
Ceramics are characterized by high strength and very low ductility. It is the inability of 
ceramics to undergo plastic deformation that is responsible for the drastic difference in 
mechanical performance between metals and ceramics. This inability renders ceramics much 
stronger, but their ability to resist the propagation of cracks is decreased drastically. In 
ceramics, usually the failure begins at a flaw and propagates slowly. As it accelerates, its 
energy release rate increases, and there is a tendency for branching. When crack branching 
(bifurcation) starts, the fracture surface becomes increasingly irregular, because, on separation, 
different fracture planes become interconnected. In ceramics, flaws are extremely important , 
and their concentration and size determine the strength of the material. These flaws can be 
classified into three groups: flaws produced during processing, flaws induced by improper 
design, and flaws introduced during service. (11) 
Several approaches to strengthening ceramics have been identified in the past two 
decades. The mechanisms that can lead to toughened or strengthened ceramics can be 
categorized into three types: crack-tip interactions, crack-tip shielding, and crack bridging 
(Fig. 1 ). Each of the mechanisms involves the incorporation of a second phase which acts in 
various ways to increase the amount of energy required to propagate a crack through the bulk 
of material, thus making it stronger and tougher. (12) 
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Crack-tip shielding 
Transformation toughening Microcrack toughening 
Figure 1: Schematic diagram illustrating the possible strengthening 
mechanisms involved in the design of new dental ceramics. 
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4) Interpenetrating Phase Materials 
Interpenetrating phase composites are defined as multiphase composites in which 
each phase is topologically interconnected throughout the microstructure. The traditional 
approach of making composite materials usually results in materials with microstructures 
consisting of discrete, dispersed and isolated phases embedded in an otherwise 
homogeneous matrix material; any dilute concentrations of a second phase can usually 
be incorporated. Recent developments in processing aimed primarily at increasing the 
volume fraction of second phases, have raised the possibility of making composite 
materials in which each phase is continuous and interpenetrating throughout the 
rnicrostructure. The ability to fabricate, by design, such a three dimensional microstructure 
raises the possibility of developing materials with truly multifunctional characteristics, 
each phase contributing its own properties to the macroscopic properties of the 
composite. The principal difficulty in fabricating interpenetrating phase composites, is in 
controllably producing the requisite connectivity and spatial distribution of the two or more 
component phases. 
There are many approaches to fabricate interpenetrating phase materials. One 
approach is the fabrication of interconnected porosity materials. This is the simplest example 
of a class of interpenetrating phase materials. Although the fabrication of a porous ceramic can 
be relatively straightforward by sintering particles together to the desired density or by 
foaming a ceramic slip, the central problem has been to produce materials having both high 
strength and low density. In the context of relating strength to processing, greater control of 
both the rheology of the starting powders and their packing in the "green" state will be 
required to increase strength reliability. 
The most general method of fabricating an interpenetrating phase material is to 
infiltrate a phase into a pre-existing open-cell preform of the desired second phase. 
Alternatively, the preform may be created by joining together second-phase particles- whether 
they be particles, platelets or fibers- prior to the infiltration with the matrix phase. The 
simplest way, in many cases, is to sinter the particles together to form necks between them. 
Once a suitable preform has been created, infiltration can be achieved in principle by 
using a vapor, liquid or slurry containing particles that deposit on the preform. In each case, 
the underlying mechan~sm of infiltration is some form of invasion percolation. Problems with 
this percolation may arise from the fact that unless the liquid phase has a zero wetting angle 
with the preform material an external pressure needs to be applied to force the liquid into 
the preform. Under the applied pressure, crushing or breaking of the preform may occur 
that, in turn, changes the size distribution of the remaining channels and thereby alters the 
penetration rate. To avoid entrapment problems, a stable penetration front is required as a 
function of applied penetration pressure. At low penetration rates, local capillary effects 
control the penetration front. At larger penetration rates pressure gradients develop and affect 
the stability of the growth front. If the penetrating phase is more viscous than the gas or liquid 
it is displacing, then the front is stable. Otherwise it can become morphologically unstable, 
"finger" and cause entrapment. 
It is likely that an infiltrated material will first require to be dried to remove any 
processing liquids and then densified for the removal of excess porosity. The conditions that 
promote liquid infiltration, especially at elevated temperatures, may also cause penetration 
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along grain boundaries of the cellular matrix essentially disrupting the interconnectivity of the 
material. 
Another method of infiltrating a preform is the chemical vapor infiltration (CVI). One 
of the advantages of the CVI process is that it is possible to deposit thin coatings on the 
preform prior to the subsequent deposition of another phase. This is expected to be of 
particular importance in the fabrication of fracture-resistant, brittle-matrix composites, since, 
the formation of a weak interface is considered to be key in controlling the mode of crack 
propagation in brittle-matrix composites. 
Colloidal method is another way to produce interpenetrating phase materials. One of 
the successes of the colloidal approach has been to control the rheology of powder slips 
through manipulation of the interparticle forces so that higher packing densities can be 
achieved, resulting in higher densities after sintering. Another success has been the ability to 
closely pack particles of two different materials such that, on average, their nearest neighbors 
are of the opposite type. A possible use of colloidal techniques is to infiltrate a preform with a 
slurry of particles of a second phase so as to adsorb a monolayer of particles on all the internal 
surfaces to create a preform coating, prior to subsequent infiltration by another phase. 
It is difficult to establish whether phases are interconnected over the scale of a sample 
of material. It is probably necessary to examine the three-dimensional arrangement of the 
phases at both high resolution (to ensure that one phase does not completely wet the other, 
thereby isolating it) and at low resolution, but over large areas, to asses the large-scale 
connectivity. 
The greatest benefit of the interconnectivity of materials having an interpenetrating 
microstructure may well be in conferring an enhanced resistance to various breakdown 
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phenomena. Although the development of aligned fibrous composites, both polymeric and 
ceramic, has sough to take advantage of the stiffness and strength parallel to the fiber axis, 
these materials are poor in resisting crack propagation parallel to the fibers. In contrast, a 
three-dimensional interconnected reinforcement phase offers resistance to crack propagation 
irrespective of the direction that the crack is driven. In many of the ceramic-matrix 
composites, if the matrix has the smaller strain to failure, the unbroken second phase will 
serve to enhance the fracture resistance by bridging the matrix crack. In polymer-infiltrated 
ceramics the ceramic matrix provides the elastic stiffness prior to failure, and the polymeric 
phase, capable of exhibiting large strain to failure, will provide crack bridging after matrix 
cracking. In addition to the fact that an interpenetrating phase composite will have no weak 
direction, a further mechanical attribute is that the phases can mechanically constrain one 
another. Therefore, for instance, residual stresses, such as those built up as a result of 
differential thermal contraction, in one phase can place the other phase in compression. (13) 
Composites can be classified by the type of matrix employed in them: ex, polymer 
matrix composites (PMC's), metal matrix composites (MMC's), and ceramic matrix 
composites (CMC's). 
A variety of materials, such as polymers (thermoset or thermoplastic), metals and their 
alloys, intermetallics, glasses, glass-ceramics, and crystalline ceramics, can be used as 
matrices. ( 14) 
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5) In-Ceram ceramic 
An example of interpenetrating phase material currently available on the market is 
the In-Ceram system. In-Ceram ceramic is processed in three stages. First a porous coping 
is fabricated of alumina to a near net shape by mixing and sonicating the ln-Ceram alumina 
powder with the provided liquid binder and dispersant. The material is then fired on the 
die at 1120 degrees. Ten hours is required for the firing cycle and the result is a porous 
ceramic coping. In-Ceram ceramic has a minimal linear shrinkage of 0.2% after the 
sintering of the alumina powder. During the second processing stage, the porous coping 
matrix is infiltrated with a low-viscosity glass to fill the voids and increase the strength 
of the material. A veneer porcelain is applied in the third step and then fired in a 
conventional manner to develop the final esthetic restoration. 
Ceramics usually achieve strength from the reduction of porosity during 
densification sintering. Porosity reduces the strength of ceramics almost exponentially. In-
Ceram ceramic has a highly porous primary alumina matrix that is a weak structure 
because of the substantive volume of pores present. The densification of In-Ceram ceramic 
is achieved by the secondary capillary infiltration of a glassy phase into the continuos open 
pores of the alumina matrix. This process results in a dense ceramic piece that is relatively 
free of pores and consists of two interlocking and continuous three-dimensional network . (15) 
In a study by Giordano et al. comparing the four-point flexural strength of 
feldspathic porcelain, In-Ceram ceramic and Dicor glass ceramic, it was shown that the 
flexural strength of In-Ceram ceramic core material (236.15 ± 21.94 MPa) was more than 
twice that of polished DICOR ceramic (107.78 ± 8.45 MPa) and feldspathic porcelain 
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(69.74 ± 5.47 MPa). The initially sintered In-Ceram alumina core was relatively weak. 
Glass infusion of alumina elevated the flexural strength of In-Ceram alumina matrix more 
than ten times. (16) 
In a study by Segui et al, where the author used a three-point bend test, In-
Ceram ceramic had flexural strength of 446.42 ± 63.97 MPa, In-Ceram Spinell 377.62 ± 
64.80 MPa, and In-Ceram Zirconia 603.70 ± 66.86 MPa. (17) 
6) Resin inf used ceramic 
Another example of interpenetrating phase material is the resin infused ceramic. This 
composite dental restorative material has advantages of the properties of both conventional 
resin and ceramic materials. An interpenetrating interconnecting microstructure is produced, 
which can provide strength, fit, esthetics, machinability, and biocompatibility for dental use. It 
also has a potential of bonding to tooth structure, which can enhance the strength of the 
remaining tooth and minimize the tooth preparation for the restoration. (18) 
In order to develop a resin infused ceramic, a ceramic matrix is sintered at a range of · 
temperatures around 1050 degree C to provide minimal shrinkage and variations in the 
matrix porosity. A resin mixture of TEGDMA, Bis-OMA and HEMA was used to infuse 
the ceramic matrix. Disks of ceramic were fabricated via colloidal processing and filtration 
casting. The powders were dispersed in a water-polyvinyl alcohol solution, coacerated 
and then pressed in a brass die. The polyvinyl alcohol was burnt off and the ceramic discs 
were sintered at various temperatures. The discs were placed in a glass dish containing 
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sufficient resin to infuse the ceramic. The resin infused discs were then light and heat cured. 
Another group sintered at 1050 degree C was infused with a silane coating agent before resin 
infusion. Bars approximately 1.5X2.0X25 mm were machined out of the discs and polished 
with 15 micron diamond paste. The bars were tested in four-point bending on an Instron 
testing machine to determine flexural strength. The result was that all infused groups were 
significantly weaker than the fully dense ceramic except for the silane group. (19) 
In a similar experiment three different ceramic matrices were compared: 
aluminous, high strength feldspathic and alumina. Disc were sintered, silane infused, dried 
and then placed in a glass dish containing sufficient resin to infuse the ceramic. The resin 
infused discs were then light and heat-cured. A new advanced composite resin system; 
ARTglass was also tested for comparison. Bars were tested in three-point loading on an 
Instron. All resin infused groups were significantly stronger than the corresponding fully dense 
ceramic except for the alumina group (20). Comparing In-Ceram machinable alumina blocks 
and slip cast alumina with glass infusion and resin infusion it was found that the flexural 
strength of the glass infused In-Ceram alumina was significantly higher than all other groups. 
(21) 
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7) Fracture toughness 
The standard for testing the strength of dental ceramics has been the three-point or 
four-point bend flexural test, but one problem has been the sensitivity of the test to flaws 
along the sample edges. Flexural strength testing has been an effective method for comparing 
the strength of ideal, relatively flaw free samples. Fracture toughness testing has the objective 
to determine a material's sensitivity to flaws and notches. Materials with low fracture 
toughness, such as window glass, are dramatically weakened by even small flaws and notches. 
In contrast, high toughness materials such as gold or aluminum are not dramatically weakened 
by large notches. (22) 
Toughness is defined as the resistance of a material to crack propagation and can be 
characterized by one parameter, Kic. The fracture toughness of a material is generally 
independent of the size of the initiating crack. In contrast, the strength of a material is 
dependent on the size of the initiating crack present in that particular sample or component. 
The strength of any product is limited by size of the cracks or defects incorporated during · 
processing, production and handling. (23) 
Flaws can be introduced to a ceramic during powder compaction, forming, drying, firing 
and later shaping, or they can be inherent in the microstructure. Processing flaws in dental 
ceramics might include grinding damage, pullout during polishing, subsurface microporosity, or 
large pores introduced by the dental technician. Inherent flaws might include cracking around 
large grains with unmatched thermal expansion properties and pores developed during firing. 
(24) 
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Ceramics and glasses have very high yield strengths, and very little plastic 
deformation takes place at crack tip in these materials. The local stress at the crack tip is still 
in excess of the ideal strength and is thus large enough to literally break apart the interatomic 
bonds there; the crack then spreads between a pair of atomic planes giving rise to a flat surface 
by cleavage. The energy required to break the interatomic bonds is much less than that 
absorbed by ductile tearing in a tough material, and this is why materials like ceramics and 
glasses are so brittle (25). 
Several techniques have been proposed to assess the fracture toughness of brittle 
materials. These methods include the double cantilever beam, double torsion, notch bend, and 
indentation technique. The theoretical concept that supports application of the indentation 
technique that involves the direct measurement of radial crack length as a function of 
indentation load is well established in the literature, particularly for homogeneous single-
phase ceramic materials. This technique has recently been selected to assess the relative 
fracture toughness of various dental ceramics that are heterogeneous multi-phase structures. 
In the indentation technique, a diamond indenter is pressed into the surface of the 
material. This procedure is similar to hardness testing, but higher loads are used to create 
cracking around the indentation. (26) 
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II) Materials and Methods 
1) Fabrication of In-Ceram bars 
The manufacturer provided alumina powder (Vita Zahnfabrik, Bad Sackingen, 
Germany). The alumina powder was mixed with deionized water supplied in a pre-measured 
container. A dispersing solution was added to the water and the mixture was ultrasonicated to 
help create a homogeneous mixture of particles. This solution is referred as "slip", which was 
poured into silicone molds to form bars (2.0 x 4.0 x 25.0 mm) and blocks (2.0 x 20.0 x 25.0 
mm) . The water was removed .via capillary action of a porous gypsum plate, which was 
placed underneath the molds, packing the particles into a rigid network. At this stage the 
alumina structure is weak, and extra care should been taken while handling. 
2) Sintering 
The alumina bars and blocks were placed into the Inceramat furnace and 
sintered at 1120°C for 2 hours to remove water and to slightly join the alumina 
particles. Minimal densification and shrinkage (0.2%) of the structure occurs, creating an 
interconnected porous network of the sintered alumina matrix. A total of 40 bars and 60 
blocks were made, and they were distributed in eight groups consisting of 2 control groups and 
6 experimental groups. The two control groups consisted of fully resin infused and fully glass 
infused bars. The experimental groups consisted of six groups of dual infused blocks. 
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3) Glass Infusion 
The sintered alumina bars were infused with a lanthanum aluminosilicate 
(LaA1iO3SiO2) glass. Glass powder was mixed with water and placed on a platinum/gold alloy 
sheet and the bars were placed on the glass with only one side contacting the glass. The 
control bars were heated in the furnace to 1100°C for 4 hours. The glass became molten and 
by ·capillary action it flowed into the porous ceramic matrix. The experimental blocks were 
heated in the furnace at the same temperature of 1100°C but at different times, as follow : 
Group 1 was heated for one half hour, Group 2 was heated for one hour and Group 3 for one 
and a half hours. 
4) Resin Infusion 
All experimental blocks after having been partially glass infused and one control 
group of sintered bars were infused with heat cure UDMA-TEGDMA resins with ratio 1: 1 by 
weight. The specimens were silanated with amino trimethoxy silane at 1 % concentration in 
. 50% ethanol-SO% water solution adjusted to pH 4.5-5.5 with acetic acid. Silanization was 
accomplished by capillary action for 12 hours in a Petri dish that was maintained inside a 
sealed plastic container. The resin infusion was performed in a vacuum chamber that 
contained resin in the lower part and a basket that accommodated the samples. A vacuum 
pump was used to remove the air from the chamber until the pressure in the chamber lowered 
to approximately 4 x 10-2 Torr, and after vacuum was achieved the basket with the samples 
was submerged into the resin for at least 24 hours to allow complete infusion. The samples 
were then heat cured to polymerize the resin. The curing cycle for the samples is described in 
Figure 2. 
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Figure 2: Curing cycle for polymerization of resin 
5) Sample preparation 
Experimental blocks, after being dual infused with resin and glass materials, were 
cut into bars. This procedure was done because during the glass infusion stage, glass flowed 
onto the sides and on the top of the bars, that made the bars behave as fully glass infused 
material. The same problem could be detected with the use of blocks, but now the edges with 
excess glass could be removed, producing a clean dual infused In-Ceram material. With the 
use of an Isomet 2000 Precision Saw (Buehler Ltd., Lake Bluff, Ill.), the edges of the blocks 
were cut off and eliminated. The remaining block was cut, producing regular shape bars of 
dual infused In-Ceram material. All samples were ground and polished flat on both sides with 
a Buehler polishing system (Buehler, Lake Bluff, Ill.) starting with graded diamond grits 70 
µm, 45 µm and 15µm with water and continuing with 6 µm and lµm polycrystalline diamond 
suspension. 
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6) Bend test 
Flexural strength by 4-point bending test was performed on a universal testing 
machine (Instron model 4202, Canton, MA) equipped with a 1 KN load cell at a crosshead 
speed of 0.5 mm/min. The bend test fixture was self-aligning with an inner span of 10 mm and 
outer span of 20 mm (Figure 3). Flexural strength was calculated by the use of the following 
equation (1): 
Flexural strength a = 3 PL 
4wh2 Equation 1 
where P= applied load, w= specimen width, h= specimen height , L= outer span, and inner 
span = ½ outer span. Control groups and experimental groups were tested. Experimental 
groups stresses were calculated with a specific formula applied to bilayer samples (equation 2). 
Each experimental group was distributed in two groups for the bend test: one with the glass 
surface tested for compression and the other group with the glass surface tested for tension . 
A total of 8 groups were tested for flexural strength. 
Compressive 
Bend Bar 
-4- OUTER SPAN __.. 
Figure 3: Four-point bend test 
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FORMULAS FOR COMPOSITE SPECIMENS 
Adapted from: Roark, Raymond J.: 11 formulas for stress and strain" 5th ed., 1975 
atop 
2 
w·tb ·k-1000000 
2 
w·tb ·k·lOOOOOO 
Equation 2 
w=har width (mm) 
ta=thickness of the top material (mm) 
tb=thickness of the bottom material (mm) 
E=Young's modulus (MPa) 
M=Moment (for 3-point bending is PU4, for 4-point bending is PUB) 
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7) Fracture toughness 
Fracture toughness was determined by the Vickers indentation technique. Dual 
infused bars, all-glass infused and all-resin infused control samples were imbedded in an 
epoxide resin. Then, samples were polished to 1 µm in a polishing machine. Samples were 
placed in a desiccator for 24 hours before testing. The samples were then indented with the use 
of a Micromet 2004 Microhardness Tester (Buehler Ltd.). Hardness was determined for resin 
and glass infused samples using a range of loads starting at 50 g and continuing up to 1 000g. 
In order to determine fracture toughness of the materials, a 1 Kg load was applied to 
induce cracks in the glass layer of dual infused samples. For all-resin infused samples, 20 Kg 
was necessary to induce cracks. For all-glass infused samples, loads of 1Kg, 3Kg, 5Kg, 7Kg, 
and 9Kg were applied. To achieve loads higher than 1 Kg, the test was performed in the 
Instron machine using a diamond indenter from the Microhardness Tester. The Instron was 
equipped with a 100N load cell at a crosshead speed of 0.05 mm/min. In order to verify the 
accuracy of the Instron machine for this test, one sample of fully glass infused In-Ceram was 
tested in the Microhardness Tester and in the Instron using the same load of 1 Kg, and 
measurements of the indentation half diagonal (a) were made (Figure 4). 
The bars were indented along the length, with enough space between indentations to 
avoid crack interaction. Measurements of the indentations were performed by SEM. The 
fracture toughness values were determined from the following relation (27), with use of values 
of load (P), crack size (c ), and hardness (H) derived from microhardness indentation data: 
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where Kic = fracture toughness in MPa-m112 
P = indentation load (N) 
c = crack size (m) 
E = elastic modulus (GPa) 
H = hardness (GPa). 
Equation 3 
The elastic modulus (E) was determined by 4 point bend testing measurements for 
each material. The values for E were 112.4 GPa for In-Ceram infused with glass and 71.2 0Pa 
for In-Ceram infused with resin. 
Hardness values for glass infused In-Ceram and resin infused In-Ceram were based on 
results of 1 Kg load and were respectively 9 .8 GPa and 2.94 GPa. 
To evaluate crack propagation through different layers of dual infused specimens, 
indentations were placed in the glass layer close to the glass/resin interface using 1 Kg load, as 
illustrated in Figure 5. 
a 
C 
Figure 4: Schematic illustration of microhardness indentation and radial crack dimensions. 
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Figure 5: Illustration of an indentation close to the interface of dual infused In-Ceram 
alumina. The lower layer represents the glass infused In-Ceram alumina and the upper layer 
represents the resin infused In-Ceram alumina. 
8) Statistical Analysis 
A one away analysis of variance (ANOVA) and Duncan's Multiple Range Test were 
used to test for significant differences in flexural strength of infused bars. 
9)SEM 
Cracks induced in the samples by fracture toughness indentation technique were 
measured and evaluated at the SEM, as well as crack propagation at the glass/resin interface of 
dual infused samples. 
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Ill) Results 
1- Flexural Strength 
The mean flexural strengths of In-Ceram alumina sintered and infused are 
displayed in Figure 6. Flexural strength values for In-Ceram alumina matrix were 21.41 ± 
3.5 MPa, for In-Ceram with resin 245.1 ± 18.62 MPa and for In-Ceram with glass 355.54 
± 49.83 MPa. ANOVA test was applied to the data revealing a statistically significant 
difference among the groups (Table 1). The load at failure chart corresponding to Figure 
6 is displayed in Figure 7. ANOVA test was applied to the data revealing a statistically 
significant difference among the groups (Table 2). 
The mean flexural strengths of all the bars tested are displayed in Figure 8. There 
was a statistically significant difference when all the groups were tested with ANOVA, as 
shown in Table 3, but this test does not indicate which group present a statistical 
significantly difference from other groups. According to Duncan's Multiple Comparison 
Test (Table 6), only the full glass control group was statistically significant different 
(p<0.05) from all other groups. The load at failure chart corresponding to Figure 8 is 
displayed in Figure 9. ANOV A test was applied revealing a statistically significant 
difference among the groups (Table 4). Figure 10 shows the mean flexural strength of the 
experimental groups with percentage of glass infusion in each one, excluding the control 
groups. There was no statistically significant difference between the experimental groups, 
as shown in Table 5. 
Samples with ½ hour glass infusion comprised 20% of glass in the bar, the ones 
with 1 hour glass infusion comprised 35% of glass in the bar and the samples with 1 ½ 
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hours of glass infusion comprised 50% of glass in the bar. The mean and standard 
deviation of glass infusion distance on dual infused samples are displayed in Figure 11. 
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Figure 6: Chart of flexural strength for In-Ceram alumina. 
Inf= Infused 
Table 1: ANOV A test related to Figure 6 
Anova: Single Factor 
SUMMARY 
Groups Count Sum Average Variance 
Column 1 9 192.7 21.41111 12.29116 
Column 2 10 2451 245.1 346.5444 
Column 3 11 3911 355.5455 1921.473 
ANOVA 
Source of Variation ss df MS F P-value • F crit 
Between Groups 563267.9 2 281633.9 338.9859 7.47E-20 3.354131 
Within Groups 22431.96 27 830.8132 
Total 585699.8 29 
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Figure 7: Chart of load at failure for In-Ceram alumina. 
Inf =Infused 
Table 2: ANOV A test related to Figure 7 
Anova: Single Factor 
SUMMARY 
Groups 
Column 1 
Column 2 
Column 3 
ANOVA 
Count 
9 
10 
11 
Source of Variation SS 
Between Groups 572377.8 
Within Groups 23119.17 
Total 595497 
Sum Average Variance 
220 24.44444 19.52778 
2494 249.4 230.2667 
3975 361.3636 2089.055 
df MS F P-va/ue F crit 
2 286188.9 334.2292 8.97E-20 3.354131 
27 856.2655 
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Figure 8: Chart of the experimental groups ( dual infused) and control 
groups for flexural strength. 
½ h GI Dw- ½ h of glass infusion; glass down; under tension 
½ h GI Up- ½ h of glass infusion; glass up; under compression 
I h GI Dw- I h of glass infusion; glass down; under tension 
I h GI Up- I h of glass infusion; glass up; under compression 
I½ h GI Dw- I½ h of glass infusion; glass down; under tension 
I½ h GI Up- I½ h of glass infusion; glass up; under compression 
Control resin; In-Ceram alumina fully resin infused 
Control glass; In-Ceram alumina fully glass infused 
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Table 3: ANOV A test related to Figure 8 
Anova: Single Factor 
SUMMARY 
Groue_s Count Sum Averag_e Variance 
Column 1 9 2480 275.5556 692.2778 
Column 2 9 2772 308 3310.25 
Column 3 10 2585 258.5 2105.389 
Column 4 10 2800 280 913.7778 
Column 5 9 2630 292.2222 1621.444 
Column 6 9 2543 282.5556 1890.528 
Column 7 10 2451 245.1 346.5444 
Column 8 13 4436 355.5455 2852.526 
ANOVA 
Source of Variation ss df MS F P-value F crit 
Between Groups 69965 7 9995 5.693662 3.02E-05 2.14154 
Within Groups 124637.7 71 1755.461 
Total 194602.7 78 
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Figure 9: Chart of the experimental groups (dual infused) and control 
groups for load at failure. 
½ h Gl Dw- ½ h of glass infusion; glass down; under tension 
½ h Gl Up- ½ h of glass infusion; glass up; under compression 
1 h Gl Dw- 1 h of glass infusion; glass down; under tension 
1 h Gl Up- 1 h of glass infusion; glass up; under compression 
1½ h Gl Dw- 1½ h of glass infusion; glass down; under tension 
1½ h Gl Up- 1½ h of glass infusion; glass up; under compression 
Control resin; In-Ceram alumina fully resin infused 
Control glass; In-Ceram alumina fully glass infused 
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Table 4: ANOV A test related to Figure 9 
Anova: Single Factor 
SUMMARY 
Groue_s Count 
Column 1 9 
Column 2 9 
Column 3 10 
Column 4 10 
Column 5 9 
Column 6 9 
Column 7 10 
Column 8 11 
ANOVA 
Source of Variation SS 
Between Groups 204186.1 
Within Groups 186648 
Total 390834.1 
Sum Averag_e Variance 
2077 230.7778 1164.944 
3316 368.4444 7132.778 
2690 269 1761.778 
3396 339.6 2892.044 
2409 267.6667 1167.5 
3113 345.8889 5759.861 
2494 249.4 230.2667 
3975 361.3636 2089.055 
df MS F P-value F crit 
7 29169.44 10.78335 4.23E-09 2.145477 
69 2705.044 
76 
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Figure 10: Chart of experimental dual infused groups for flexural 
strength indicating percentage and time of glass infusion of the samples. 
Gl Dw- glass down; under tension 
Gl Up- glass up; under compression 
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Figure 11: Chart of experimental dual infused groups indicating glass 
infusion distance related to time of glass infusion. 
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Table 5: ANOVA Test for Flexural Strength. (Figure 10) 
Anova: Single Factor 
SUMMARY 
Groups Count Sum Averag_e Variance 
Column 1 9 2480 275.5556 692.2778 
Column 2 9 2726 302.8889 2667.361 
Column 3 10 2623 262.3 1741.122 
Column 4 10 2782 278 .2 726 .1778 
Column 5 9 2678 297.5556 968.7778 
Column 6 9 2492 276.8889 831.8611 
ANOVA 
Source of Variation ss df MS F P-value F crit 
Between Groups 10736.92 5 2147.383 1.691175 0.153984 2.400412 
Within Groups 63487.92 50 1269.758 
Total 74224.84 55 
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Table 6: Duncan's Multiple Range Test for Flexural Strength 
of experimental and control groups 
Duncan Grouping Mean N Group 
A 355.5 11 Control Glass 
B 302.9 91/2 h gl dw 
C B 297.6 911/2h gl dw 
D C B 278.2 101h gl up 
D C B 276.9 911/2h gl up 
D C B 275.6 91/2h gl dw 
D C 262.3 101h gl dw 
D 245.1 1 OControl Resin 
Means with the same letter are not significantly different. 
Alpha=0.05 
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2- Fracture toughness 
Prior to the calculation of fracture toughness, hardness of resin infused and 
glass infused In-Ceram was calculated. Figure 12 shows the relation between hardness 
and load applied to the resin infused In-Ceram specimen. The value for hardness using 
1Kg load was used to calculate Kic. Figure 13 shows the relation between hardness and 
load applied to all-glass infused In-Ceram specimens. 
Hardness was also measured for the glass layer of dual infused In-Ceram 
samples. As can be seen in Figure 14, when indentations were made in different locations 
of the glass layer, they showed results that are statistically significant different from each 
other (Table 7). So, for calculation of fracture toughness of dual infused samples, average 
hardness value of indentations placed within the glass layer was used in equation 3. 
Accuracy of Instron machine for fracture toughness test using indentation 
technique was measured and the results are displayed on Figure 15. The length of the 
indenter half-diagonal ( a) is similar using two different machines for testing under the 
same load. 
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Figure 12: Chart of hardness for resin infused In-Ceram. 
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Figurel3: Chart of hardness for Glass Infused In-Ceram. 
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Figure 14: Chart of hardness for Glass Layer of Dual Infused In-Ceram 
performed at two different locations of the sample. 
Table 7: Anova Test of hardness for Glass Infused In-Ceram performed 
in two different locations of the sample. 
ANOVA 
Source of Variation ss df MS F P-value F crit 
Between Groups 285796.2 1 285796.2 214.0271 1.96E-11 4.413863 
Within Groups 24035.9 18 1335.328 
Total 309832.1 19 
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Figure 15: Chart of measurements of indentations applied by different 
machine testers using a fully glass infused In-Ceram sample. 
For fracture toughness test, values of the indenter half-diagonal (a) and the 
crack size ( c) were used in equation 3 and those values for resin infused In-Ceram are 
displayed in Figure 16 and for glass layer of dual infused In-Ceram are displayed in 
Figure 17. With a fully glass infused In-Ceram specimen, a range of loads were used for 
indentation, and measurements of a and care displayed in Figure 18. 
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Figure 16: Chart of measurements of a and c of indentations applied 
under 20 Kg load on resin infused In-Ceram specimens. 
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Figure 17: Chart of measurements of a and c of indentations applied 
under I Kg load on glass layer of dual infused In-Ceram specimens. 
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Figure 18: Chart of measurements of a and c of indentations applied 
under different loads on fully glass infused In-Ceram specimens. 
Indentation fracture toughness was calculated with the use of equation 3 and the 
results are the following: For all-glass infused In-Ceram K.Ic = 3.20 MPa-m 112 with 5 Kg 
load, 3.36 MPa-m 112 with 7 Kg load and 3.00 MPa-m 112 with 9 Kg load applied; for glass 
layer of dual infused specimens, K.Ic = 2.45 MPa-m 112 with 1 Kg load and 1.96 MPa -m112 
with 5 Kg load; and for all-resin infused In-Ceram K.Ic = 10.56 MPa·m 112• 
C 
9 Kg 
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The results of Klc related to different loads applied to a fully glass infused are 
displayed on Figure 19. 
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Figure 19: Chart of fracture toughness of fully glass infused In-Ceram 
related to different applied loads. 
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SEM Evaluation of Indentations. 
The indentations that were made on resin infused In-Ceram are shown in Figures 
20 and 21. Indentations made on glass layer of dual infused In-Ceram are shown in 
Figures 22 and 23; indentations made in the resin-glass interface of dual infused samples 
are shown in Figures 24 and 25. Pictures of resin infused layer, glass infused layer, and 
resin-glass interface are shown in Figures 26 to 28. 
Indentations applied to a fully glass infused sample under different loads are 
displayed in Figures 29 to 34. 
Interface of glass/resin on dual infused In-Ceram and interface of pure glass/glass 
infused of dual infused sample are displayed in Figures 35 to 37. 
Figure 20: Indentation on Resin Infused In-Ceram at 20 Kg. 
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Figure 21: Crack view of indentation on Resin Infused In-Ceram. 
Figure 22: Indentation on Glass Layer of Dual Infused ln-Ceram at 
I Kg. 
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Figure 23: Indentation on Glass Layer of Dual Infused In-Ceram 
at 1 Kg. 
Figure 24: Indentation on Glass Layer of Dual Infused In-Ceram 
Interface at 1 Kg. 
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Figure 25: Close view of crack path of Indentation on figure 24. 
Figure 26: Resin Infused In-Ceram. 
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Figure 27: Glass Infused In-Ceram. 
Figure 28: Interface Glass/Resin on Dual Infused In-Ceram. · 
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Figure 29:Indentation on Fully Glass Infused 
In-Ceram at 1 Kg. 
Figure 30:Indentation on Fully Glass Infused 
In-Ceram at 3 Kg. 
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Figure 31: Indentation on Fully Glass Infused 
In-Ceram at 5 Kg. 
Figure 32: Close view of crack path of Indentation on 
Figure 31. 
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Figure 33: Indentation on Fully Glass Infused 
In-Ceram at 7 Kg. 
Figure 34: Indentation on Fully Glass Infused 
In-Ceram at 9 Kg. 
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Figure 35: Interface Glass/Resin on Dual Infused In-Ceram. 
Figure 36: Interface Glass/Resin on Dual Infused In-Ceram. 
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Figure 37: Interface Pure Glass/Glass Infused on Dual 
Infused In-Ceram. 
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IV) Discussion 
1) Flexural Strength. 
The flexural strength of infused samples were at least 10 times the strength of sintered 
bars (Figure 6) demonstrating that infusion with resin and/or glass improves the strength of In-
Ceram alumina matrix. A strengthening mechanism that might be involved with In-Ceram is 
crack tip interaction, with the alumina particles deflecting the crack, which requires more energy 
to complete the fracture. Another mechanism that might be involved is crack bridging, that 
prevents the growth of the cracks (Figure 1). 
Among all tested groups (Figure 8), control resin samples had the lowest value of 245 
MPa and the control glass samples presented the highest value of 355 MPa, which were within 
the same range as those found in the study by Sabrosa et al (28). With the analysis of Table 6 it 
can be concluded that control glass group is statistically significant different from all other 
groups. 
Experimental groups consisting of dual infused In-Ceram had strength values calculated 
1 
with equation 2 for bi-layer beams. These values were compared with control groups. It can be 
seen in Figure 8 that experimental groups had values within the control values range. 
With the use of ANOV A test for experimental groups alone (Table 5), it could be seen 
that there was no difference for tension and compression of layers for the dual infusion with the 
same ratio of resin-glass infusion and with different ratio of resin-glass infusion, as there was no 
statistically significant difference between the groups. 
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2) Fracture Toughness 
This test was performed with all-resin infused In-Ceram, all-glass infused In-Ceram and 
the glass layer of dual infused In-Ceram specimens. 
For fully glass infused In-Ceram, a range of loads were applied in order to verify the 
relation between load and Klc. It can be seen from Figure 19 that Klc seems to be dependent on 
. the applied load, suggesting the importance of quoting Klc with load applied. 
According to Anstis et al (29), precautions must be taken in selecting a working range of 
indentation loads which satisfies the requirement that the pattern of the crack should be well 
developed (c22a). With the use of 3Kg load on glass infused samples, the cracks induced do not 
fulfill this requirement and should not be taken under consideration for Klc . 
During the test with dual infused samples, it was noticed, during SEM measurement, that 
there were different values for Klc when the same load was applied to the glass layer. It was 
mainly two different values for Klc between different samples. With analysis of the samples at 
the SEM, it was detected that there were two different types of glass layer. One type of layer that 
presented cracks whenever 1 Kg load was applied to the samples, with alumina particles 
measuring 9.25 ± 5.6 µm and having mostly a rectangular shape. The other type of glass layer 
presented cracks starting at 3 Kg load and showed alumina particles measuring 3.40 ± 1.25 µm 
and having mostly a rounded shape. 
In order to compare both kinds of glass layer, 5 Kg load was applied on both specimens. 
The specimens that had larger particle size had a value for Klc = 1.96 MPa · m112 and the 
specimens with smaller particles had a value for Klc = 3.20 MPa · m112• This suggests that particle 
size and shape have an important effect on the final In-Ceram alumina glass infused material. 
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Although the fracture toughness values for glass infused In-Ceram in this study are not 
equal to those recorded by Segui et al (30), this can be explained by the different elastic modulus 
used for calculations. The elastic modulus used in this study (112.4 GPa) was based on four-point 
bend testing done in this laboratory, and Segui reported a value of 285.8 GPa. Using the elastic 
modulus value presented in Segui's study, the Kic becomes 5.16 MPa · m112, which is similar to 
his value. 
The resin infused In-Ceram had larger fracture toughness values than the glass infused 
In-Ceram. A range of loads was applied to the samples, starting at 1 Kg and continuing up to 20 
Kg which induced crack propagation. Measurements for Kic were then taken at 20 Kg load. The 
large toughness of resin infused In-Ceram material may be the result of the reinforcing second 
phase. Larger fracture toughness occurs more often in two-phase materials than in single-phase 
material if the second phase makes crack propagation more difficult because formation of cracks 
requires more energy. (31) 
In this study we have In-Ceram ceramic infused with two different second phases with 
different chemical compositions and behaviors. Still according to Wagner, materials with lower 
( fracture toughness, such as window glass, are dramatically weakened by even small flaws and 
notches. In contrast, materials with high fracture toughness, such as gold or aluminum, are not 
dramatically weakened even by large notches. This may explain the result that fracture 
toughness of resin infused In-Ceram was larger than glass infused In-Ceram, as the resin used as 
a second phase material is less brittle than the glass used as a second phase material. 
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3) Crack Propagation 
With the use of a Vickers indent, 4 radial cracks were observed on the indentations that 
were made on resin infused and glass infused In-Ceram (Figures 20 and 22). All 4 cracks of the 
same indentation had similar lengths. 
Indentations were also placed close to the interface between resin and glass infused In-
Ceram (Figure 24). Dual infused samples were used at this time. But similarity between 4 radial 
cracks could not be observed here. The 2 sideways-extending radial cracks follow a path towards 
the interface. The length of the crack that extended crossing the 2 layers of infused In-Ceram was 
shorter than the sideways radial cracks. The path of this crack could not be followed as the crack 
enters the resin infused In-Ceram layer (Figure 25). At the opposite direction was another crack 
extending through the glass layer. This crack was the smallest of the 4. 
Closer examination in the scanning electron microscope revealed no delamination of the 
interface whenever a crack crosses the interface between the 2 layers (Figure 25). 
Jung et al demonstrated that there are a variety of responses for cracks approaching 
interlayer interfaces depending on the relative mechanical properties of the component materials 
and the interface adhesion. (32) In this study, Vickers indentation tests in the near-interface 
region on polished bilayers such as porcelain/alumina and glass-ceramic/filled-polymer were 
performed. When an indentation was applied to the porcelain layer, the lower radial crack did not 
penetrate the tougher adjacent alumina; conversely, the lower radial crack from the alumina layer 
easily penetrated the less tough porcelain, and the sideways extending radial cracks bend toward 
the interface, indicating that the crack tips "sense" the presence of the adjacent, less stiff 
porcelain. When indentation was applied to the glass-ceramic layer, the lower radial crack did 
not penetrate the filled-polymer layer, and again the sideways extending radial cracks bend 
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toward the less stiff adjoining layer. When the indentation was applied to the filled polymer 
layer, no radial cracks were formed. 
Lardner et al showed that radial cracks propagate initially towards the interface and then, 
as they approach the surface, they reorient in a direction away from the surface. A radial crack 
length for an indent near a free surface or interface is considerably larger than for an indent far 
removed from the surface or interface. This increase in length is certain! y due in part to the 
increase in the stress intensity factors as the distance to the surface or interface decreases. (33) 
Although Jung and Lardner's studies used different materials, similarity of behavior of 
crack propagation close to an interface can be appreciated in this present study. 
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V) Conclusions 
This study evaluated the four-point flexural strength of In-Ceram alumina infused 
with glass, resin, and dual infused with glass and resin combined, as well as fracture toughness 
of In-Ceram alumina infused with glass and In-Ceram alumina infused with resin. 
Based on results from this study, the following conclusions were made: 
1) Infiltration with glass and/or resin improves flexural strength of porous In-Ceram alumina. 
2) The flexural strength of In-Ceram alumina infused with glass was more than In-Ceram 
alumina infused with resin and dual infused In-Ceram alumina. 
3) For dual infused samples with same ratios of glass to resin thickness, there is no statistically 
significant difference of flexural strength for specimens tested with glass infused layer in 
tension compared to resin infused layer in tension. 
4) For dual infused samples with different ratios of glass to resin thickness, there is no 
statistically significant difference of flexural strength for specimens tested with glass infused 
layer in tension compared to resin infused layer in tension. 
, 5) Fracture toughness is larger for resin infused alumina than for glass infused alumina, 
although the strength of glass infused alumina is larger than resin infused alumina. 
6) Alumina particles size and shape might have an effect on fracture toughness of In-Ceram 
alumina glass infused material. 
7) Resin infused layer of dual infused material inhibits crack propagation when crack is induced 
within the glass layer. 
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.Future Directions 
1) Evaluate, by the use of a double-cantilever beam, the energy required to debond the 
two layers of dual infused In-Ceram alumina. 
· 2) Evaluate the shear bond strength between the different layers of dual infused material. 
3) Investigate the possibility of dual infusion in another phase-material that can also be 
milled into restorations. 
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